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Vertical Multijunction Solar-Cell One-Dimensional Analysis

AVRAHAM GOVER, STUDENT MEMBER, IEEE, AND PAUL STELLA, MEMBER, IEEE

Abstract—The vertical multijunction solar cell is a photovoltaic
device which may allow conversion efficiencies higher than conven-
tional planar devices. A one-dimensional model of the device is
presented here which allows a simple and straightforward analysis
of device performance to be conducted.

The analysis covers the derivation of device short-circuit current,
saturation current, open-circuit voltage, and maximum power as a
function of illumination spectra, device geometry, and device ma-
terial properties.

LIST OF SYMBOLS

n,p Excess electrons and holes concentration (em=3).
Tnsw Excess electrons and holes current density (em™2).
Jr Pairs generation rate at depth z (ecm™3 s1).

TnsTp Excess electron and hole lifetime (s).

D,,D, Electron and hole diffusion constants (em?/s).
L,,L, Electron and hole diffusion lengths (ecm).
Na,Np Acceptor and donor impurity concentrations

(em™2).
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Isg{()) Spectral response; defined as the output current
for one unit of input power at wavelength X
(A/W).

I, Short-circuit current (A).

Vo Open-circuit current (V).

N(\)  Photon flux density (ecm—2s71).

a(\) Absorption coefficient of the cell material [5]
(em™1).

Na Absorption efficiency; defined as the fraction of
impinging light which is absorbed by the cell.

Neoll Collection efficiency; defined as the fraction of
generated pairs which is collected by the junctions.

¥ Conversion efficiency; defined as the maximum-
output electrical power fraction of the input
power.

P, Input radiation power density (W/cm?).

W1, W. p- and n-region widths (em).

h Cell thickness (cm).

Ny Air-mass zero solar photon flux density (3.45 X

10" photons/cem?-s). The cell y-dimension width
is agsumed to be 1 em.
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I. INTRODUCTION

HE vertical junction solar cell, shown schematically

in Fig, 1, is potentially a more efficient device compared
to the conventional planar cell. The advantage results
mainly from the possibility of using highly doped p and
n regions to provide high voltage factors, without incurring
severe reduction in the generated carrier collection effi-
clency, and without requiring advances in material
properties.

Although junction voltage improvement can be obtained
with the conventional planar cell by using high impurity
concentration material, there is very little which can be
done to prevent a pronounced reduction of the collection
efficienicy due to the reduction of the excess carrier dif-
fusion length. This loss can become severe enough to car.cel
the improvement gained in the junction voltage. In com-
parison, this loss can be avoided in the vertical junction
cell by reducing the distance between the junctions so
that it is smaller than the reduced diffusion length. The
intent of this paper is to investigate the vertical junction
cell parameters and to present them in a useful model
which will allow for simple calculation of the cell per-
formance.

In our model, the following assumptions have been made
for simplicity: zero front- and rear-surface recombination
velocities, homogeneous n and p regions, no front-surface
reflection losses, and no ohmic losses. Furthermore, “he
carrier recombination process in the junction space-charge
region is neglected.

II. COLLECTION EFFICIENCY AND
SHORT-CIRCUIT CURRENT

Although the carrier generation rate is z dependent (see
Fig. 1(a)), the assumption of zero surface recombination
allows us to consider only the one-dimensional problem of
excess carrier current flow in the z direction. This will allow
for simple analytical solutions and expressions for the cell
parameters.

Looking first at p-type material, the minority carrier
diffusion current in the z direction at some fixed depth 2
is (see Fig. 1(a)) [1]

on(z)

Jn = qD, P (1)

The continuity equation is then

187, n(x)

q ox Tn

= —JI. (2)

For monochromatic illumination of wavelength A, the
equation is

Jr = a(MN(\) exp (—az). (3)
Equations (1) and (2) are then combined to yield
52
,;—"ifl — (&) = —rajs (4)
ox
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Fig. 1. Vertical junction cell configurations.

where
Ln = (DnTn)1/2- (5)

At the junctions, the short-circuit condition determines
the excess minority carrier boundary values (using the
cell center line as the origin) as

W, W,
(B)or@r o
The solution of (4) with (6) is, for any fixed ¢,
. [ cosh z/L,
n(z) = 'rnJL(Z)[l ~ voih W1/2Ln]'

This distribution is illustrated in Fig. 2.
The generated current, which is collected per unit length
at depth z from the surface in each junction, is

()

on

Jn(2) 4D

W,

2L,

= qL,jr tanh (8)

a=W1/2
For an n-type region, the same results apply with the
subscript p substituted for n and W, substituted for W;.

The solution of the differential equation is valid for any
of the homogeneous n- or p-type regions in each of the
configurations presented in Fig. 1, since (6) applies both
at a junction or at an ohmiec contact. The difference is that
the electron-holé pairs arriving at the junction separate
and contribute useful current, while pairs arriving at the
ohmic contact recombine and do not contribute any
externally useful current.

Considering 1(a), the total current collected per unit
length at depth 2 is '

. . Wy W,
i) = 2q7.(2) [Ln tanh oL, -+ L, tanh 2Lp] (9

We define the function 5, (plotted in Fig. 3) as
1
ne(u) = u tanh u (10)

and call 9., = 9,(W1/2L,) and 5o = 7.(W2/2L,) the col-
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Fig. 3.

Collection efficiency (9.).

lection efficiency factors for the p and n regions, respec-
tively. Then,

J(2) = @ie(2) [Wma + Wane. (11)

The total current collected in the cell is obtained by
integrating over z. Integrating (11), using (3) for j;(2),
we obtain the expression for the short-circuit current
collected by the cell when illuminated by light of wave-
length A, as seen by

Ie(\) = gN(M)[1 — exp l:-_a(x)h]:l(Wlncl + Wanes) .
(12)

Using the definitions of absorption efficiency, 7., and
collection efficiency, 711, we find

76 = 1 — exp (—ah) (13)
IseO\) Wl’f)cl 'I" W277c2
Neoll = = . (14)
geN (N) (Wy 4 2W,) Wi+ 2W,
The short-circuit current can be rewritten as
Isc()\) = qnaﬂeoll(Wl -+ ZWZ)N(A> (15)

Interestingly, the collection efficiency of the vertical junc-
tion cell is found to be independent of wavelength, in con-
trast to the planar cell. This is due to the fact that the
depth at which radiation is absorbed (a wavelength-
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Fig. 4. Vertical junction cell spectral response.

dependent function) does not change the junction-to-

carrier distance. In the conventional planar cell, the junc-

tion-to-carrier distance varies with the absorption depth.
The spectral response of the cell is by definition,

I.(\)

Igqg(N) = —/———. 16
=N = 57 1 2wy P, (16)
Substituting in (15), we find
Pi,(2)
= 1
NOY = e (17)
and using in (16), we get
A
ISR = %‘ Neolla- (18}
¢

The spectral response of the vertical cell is plotted in Fig. 4
for various values of thickness (4). In comparison to the
planar cell, the vertical solar-cell spectral response is better
in both the long and short wavelengths, and it tends to the
ideal response shape for large values of A.

All the expressions derived in the preceeding have been
calculated for the cell configuration of Fig. 1(a). However,
it is quite easy to modify them to the other configurations.
For the cell 1(b), the collection efficiency is written as

Wl"]cl -+ W2"702

coll = 19
Neoll W W, (19)
and the short-circuit current as
Wi+ W,
Ise()\) = NaNeollM (1—2-_2) N()\)
= 3 aN () (1 = exp [—akD) (Wana + Wana)
(20)

where m is the number of junctions in the cell. The spectral
response is still described in (18) and Fig. 4, but neen in
that equation is given by (19). Since all the excess carrier
pairs which arrive at the ohmic contacts recombine and
do not contribute external current, the generated current
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collected in the cell configuration 1(c¢) is essentially half
the current collected by the cell 1(b). Therefore, its collec-
tion efficiency, the short-circuit current, and the spectral
response will be exactly half of (19), (20), and (18),
respectively.

Normally we desire to know the cell’s performance rela-
tive to some given light spectrum N(\). This can b2
accomplished by integrating either (12) or (20) over all
wavelengths A\ shorter than the bandgap wavelength XA,.
In the numerical calculation which follows, we use the
air-mass zero solar spectrum reported by Thekakara [27,
and assume for silicon Ay = 1.1 u. Hence, we get

o

I, = T () d.

0

(21)
Let

Ny = /M N0 (22)

0

Then,

Ao
m=i [ N~ expL-at)iD ar  (2)
N 0vg

is defined as the polychromatic absorption efficiency. N,
is the maximum number of photons in the spectrum that
may be absorbed by band-to-band transition. It is thers-
fore a characteristic number for the given spectrum rela-
tive to the given semiconductor.

Using this definition, we interpret the absorption efi-
ciency for the polychromatic spectrum to be the fraction
of N, photons absorbed in the cell rather than to be the
fraction of the total number of incident photons, so that
0 < 94 < 1. Then, using (21) and (23), the short-circuit
current for case 1(a) is

Ie = (W1 + 2W2)neoimagNo (24)
and in case 1(b), it is
m

Lo = — (W1 + Wa)neounagNo. (25)

2

The collection efficiency 7eon, being independent of wave-
length, is the same as in the monochromatic illumination
case, and is given by (14) or (19). The absorption efi-
ciency, 4, for air-mass zero spectrum is given in Tig. 5
for various values of cell thickness (k), where the param-
eter N, calculated from (22) is

Ny = 3.45 X 10¥ photons/cm?:s.

III. CURRENT-VOLTAGE CHARACTERISTICS
AND CONVERSION EFFICIENCY

If we now allow a voltage across the junctions, (4) is
still valid, but (6) must be changed to

n <:|: W;) = Ny (exp [%] - 1) =m (26)
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Fig. 5. Absorption efficiency (n4) versus cell thickness.

for the p-type region, and

7 (i %) = Da (exp [%YT—,] - 1) =m (27)

for the n region where

mz
Np = —— Pn = —.

) (28)
A Np

The solution of the differential equation with these bound-
ary conditions is (for p region)

. cosh z/L, .
n(e) = D = 7ade() ] S 1),

(29)
Then, for a given wavelength, the junction current density
at depth 2z from the surface is

. on
Ja(2) = —qDp —
oz =W

gD, tanh (Wy/2L,)
L, )

I:TnjL(Ayz) - nl] (30)

[

In a similar fashion, the n-region contribution to the junc-
tion current density is

gD, tanh (Wo/2L,)

Jo(@) = [rajz(02) — p1l I, (31)
Hence, the total current density per junction is
J(#@) = ju(2) + Ju(2)
= ¢jz(2) [-W—;—l + E;E] ~q [nlgim + pl;:mz]
(32)

where we made use of (5) and (10). The total current per
junction is obtained by integrating (32) over z using
(3), (26), (27), and (28), as seen by

Wl'ﬂcl + W277¢:2]

- N O) (1~ exp [ 122 4 T
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Wina Wone ] ( [QV] >
— gndh | — o 2 21 __1). (33
qnith ,: 2Np7y =P kT (38)

2N 4s1s,
Proper summation of the contributions from each junetion
yields, for all configurations, the dependence

v
I=TI.—1, (exp ;——T - 1) (34)
where, for configuration 1(a),
Wine Wzmz]
= g == 35
T = m h[NATn NDTp ( )

with the I, given by (12) or (15), and for configuration
1(b),

Wl"]cl

W27702]
= — gnh - Ziea
IO 2 q [NA'rn

6
Nor, (36)

with I given by (20).

For polychromatic illumination, integration over A must
also be carried out. Equations (34), (35), and (36) are
still valid in this case, but the expressions for I, to be used
in (34) are (24) and (25) for configurations 1(a) and 1(b),
respectively.

A. Open-Circuit Vollage

From (34), the open-circuit voltage is

kT . I
Vo =—In—

q Iy’ (87)

Substituting (14), (24), and (35), or alternatively (19),
(25), and (36), we have for configurations (a) and (b)

kT N, Win. Wane
Vo= — [ D (Wine + Wanes) / ( Aty —N—’L)]
DTp,

NATn
(38)

For 1(a) with W, << Wy and Np >> Ng4, the n-region
contribution to both the generated current and the diode
saturation current is negligible, so to a very good approxi-
mation,

(39)

For the same cell configuration, but with opposite condue-
tivity, i.e., the base is an n type,

kT T N oN DNA

Vo= —In 272 40

o= T (40)

Observe that the open-01rcu1t voltage is in this case

independent of the cell width. This is because the collected

and saturation currents both have the same functional

dependence on width, thereby cancelling any width de-

pendence from the V,, expression. However, the V,, is
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Fig. 6. Solution to (44) (maximum power condition).

quite dependent on the cell thickness with an increasing
h providing a decreasing V..
B. Power Output

The maximum power available from the solar cell is
obtained when

— (IV) = d‘i_ [(I — Ipexp [k?]) V] =0. (41)

The solution of this equation is

kT

Ve = — X (maximum power voltage) (42)
q

Im = Io — Iyexp [Xn] (maximum power current)

(43)
where X, is the solution of the transcendental equation
X+h(1+X) =X, (44)

and

X, = %‘*’i V. (45)

Equation (44) was numerically solved for various values
of Xy, and the parameter X,, is plotted as function of X,
in Fig. 6. For a given cell structure, V, and X, may be
calculated using (38) and (45) and, with the aid of Fig. 6,
Vo and I, are calculated from (42) and (43). The maxi-
mum power available from the cell is then

P, =I1,V,. (46)

C. Conversion Efficiency

The power input into the solar cell is Pi, A, where 4 is
the cell area, and P;, is the radiation power density shining
on the cell. For air-mass zero solar radiation [2],

Pi = 135.3 mW/em? (47)
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The conversion efficiency is given for the configuration (z)
by

YT W+ 2wy P ’
and for eonfiguration (b) by
P,
vy = (49)

(m/2) (Wy + Wy) Py, '

IV. EXAMPLES

To demonstrate the use of the model analysis and to
display the numerical value of the vertical junction per-
formance parameters, a sample calculation is shown. We
chose a p-base cell of configuration 1(a), where

h=100um, W,=20um, Ns=35X 107 cm—.
From [3] and [47] for this impurity concentration, we have
D, = 10 em?-s7, L, = 33 um.
If we assume W, < Wy, then (19) reduces into

Wy
Neoll = Nt = Ne <2Ln> = (0.97

T, = 1.1 us,

where Fig. 3 is used to evaluate 1,. The absorption effi-
ciency for air-mass zero solar illumination is found from
Fig. 5 and seen as

74 = 0.89.

The short-circuit current and the saturation current cre
found from (24) and (35) and seen as

I = 0.1mA
Iy = 85 X 1071 mA.
Using (39) and (45), we have

Xo =255
Vo = 662 mV.
Then with the aid of Fig. 6, using (42) and (43), we have
X,, = 223
Ve = 580 mV
I, = 0.09 mA.

The maximum power output of the cell is therefore

P, = I.V, = 005 mW
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and the conversion efficiency is

— Pm
T PuW

v = 19.7 percent.

V. CONCLUSION

The above model provides a description of vertical junc-
tion solar-cell behavior. It is proposed that such a structure
can provide hitherto unobtained conversion efficiencies.
Efficiencies which are predicted for ideal planar cells (with
exceptional material properties and lifetimes [6]) are
achievable in the wvertical cell, utilizing present-day
state-of-the-art material properties.

The conversion efficiency of the cell calculated in the
example in the previous section exceeds the conversion
efficiency of recently reported high-efficiency planar cells
(7] by more than 40 percent. Yet the freedom in choosing
the structural parameters may allow even higher effi-
ciencies.

The impact of additional effects listed briefly in the
introduction, but not discussed in the present paper, will
reduce some of the advantages predicted by the one-
dimensional model. At present, the authors are preparing
an additional paper which will include an analysis of these
effects and their expected impact. Of prime importance is
the realization of fabrication techniques capable of pro-
viding the high junction density required for best opera-
tion. It is possible that techniques such as preferential
etching and epitaxy can provide optimized structures with
a few year’s effort.
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